objectives To investigate the molecular epidemiology of Entamoeba histolytica, E. dispar and E. moshkovskii infections among rural communities in Yemen.
Introduction
Amoebiasis, caused by a protozoan parasite called Entamoeba histolytica, is estimated to affect about 50 million people annually. About 10% develop invasive amoebiasis, which leads to 40 000-110 000 deaths per annum [1] [2] [3] . Three species of intestinal amoebae have an identical morphology -E. histolytica, E. dispar and E. moshkovskii (collectively referred to as Entamoeba complex) -and E. histolytica is the pathogenic and the causative agent of symptomatic disease [4] . According to Diamond and Clark [5] , Entamoeba dispar, a non-invasive species, was first proposed by Brumpt in 1925 when he differentiated both species (E. histolytica and E. dispar) based on their pathogenicity in humans and kittens, and further evidence was provided by Simic in 1931 to support this assumption. However, the proposed distinction between the two species was only buttressed in 1978 when two groups of Entamoeba, isolated from symptomatic and asymptomatic individuals, were distinguished based on their isoenzymatic profile (zymodemes) [6] . Subsequently, several biochemical, immunological and molecular assays were developed to successfully distinguish the two species [5, 7] .
Another non-pathogenic species is E. moshkovskii, which was first detected in Moscow sewage by Tshalaia in 1941 [8] . It was considered a free-living environmental amoeba until 1956 when it was isolated from a resident of Laredo, Texas, who presented with weight loss, epigastric pain and diarrhoea [9] . Since then, researchers in many countries such as Italy [10] , Bangladesh [11] , Thailand [12] , Turkey [13] , Tunisia [14] , Australia [15] , Colombia [16] , Malaysia [17] , Iran [18] and India [19] have successfully discriminated the E. moshkovskii strain in humans. Nevertheless, despite many previous studies having differentiated Entamoeba species for diagnostic molecular protocols or reporting purposes, there is still a scarcity of information concerning the aetiological factors of E. histolytica, E. dispar and E. moshkovskii infections among targeted populations.
Yemen is a lower-middle-income country where more than 50% of the population of about 25 million people live below the national poverty line [20] . There is a severe lack of proper sanitation and safe drinking water, with rain and ground water being the only source of water and only 25% of the population having access to healthcare services and safe drinking water [21, 22] . Many previous studies have been published on the prevalence of intestinal parasitic infections in different parts of Yemen and these have revealed a prevalence of Entamoeba complex infection that ranges from 11.7% to 52.0% [23] [24] [25] [26] [27] [28] [29] [30] . However, molecular information on Entamoeba spp. is lacking. Accurate differentiation of E. histolytica from the non-pathogenic species E. dispar and E. moshkovskii is crucial for the effective clinical management of patients. Nonetheless, it is a common practice in Yemen and other developing countries to prescribe metronidazole for Entamoeba-microscopy-positive individuals. While metronidazole is the drug of choice for invasive amoebiasis, it is not effective for the treatment of non-invasive forms of amoebiasis in the lumen of the bowel [31] . Therefore, treatment with this drug may result in an additional economic burden on patients due to unnecessary treatment as well as the underlying cause of illness remaining untreated if the detected Entamoeba is the non-pathogenic species. Hence, this study aimed to determine the prevalence of E. histolytica, E. dispar and E. moshkovskii infections among rural communities in Yemen and to identify the potential risk factors associated with these infections.
Materials and methods

Study design and study area
Cross-sectional community-based surveys were carried out in rural communities in four provinces in YemenTaiz, Hodeidah, Sana'a and Dhamar -between January and July 2012, and February and April 2014. In each province, two rural districts were randomly selected from the available district lists provided by the respective health office of each province. The selected districts were Maqbanah and Mawzaa (Taiz), Gabal Ras and Zabid (Hodiedah) Alhemah Alkharijiah and Manakhah (Sana'a), and Utmah and Gabal Assharq (Dhamar) (Figure 1 ). The villages in these districts were also randomly selected from the provided lists on the basis of the following criteria: the village had to be located in a rural area and to have more than 50 houses or ≥300 residents.
The provinces of Taiz and Hodeidah, at altitudes of <2000 m, represent coastal plains and foothills. The two provinces have a total population of five million [32] . The coastal plains and foothills experience a tropical monsoon in the summer and two rainy seasons (February-April and July-September); however, the mean annual rainfall is much lower than in the highlands (200 mm/year). The winter is dry and cool, and the mean temperature varies between 24.0°C in the winter and 37.5°C in the summer. These areas have many streams, which are considered the main source of water for both drinking and domestic purposes.
On the other hand, the provinces of Sana'a and Dhamar, at altitudes of more than 2000 m above sea level, represent the country's highlands. The combined population of both provinces is 2.2 million [32] . The climate in the highlands is moderate in summer and dry and cold in winter, with an annual mean temperature of about 20°C. The mean annual rainfall is 800 mm/year, and many dams are constructed to collect water for agricultural irrigation and also for groundwater recharge. Moreover, many traditional small-to-medium uncovered cisterns are scattered throughout every village for domestic water and other daily needs.
Sample size and study population
The minimum sample size required for the present study was estimated based on the WHO practical manual for the determination of sample size in health studies [33] . At a 5% level of significance and a 95% confidence level, design effect of 2, the number of participants was estimated as being 576, assuming that the average prevalence of Entamoeba complex infection in rural Yemen was 30%.
A total of 800 individuals were invited to participate in the study and those that agreed to participate did so voluntarily. They received proper containers to bring in faecal samples and were interviewed using a pre-tested questionnaire to obtain information about a range of demographic, socio-economic and environmental factors. Overall, 605 individuals (75.6%) delivered stool samples for examination and were involved in the study; 195 individuals who did not deliver the samples (mostly adult females) were excluded from the study. Ethical approval was obtained from the Medical Ethics Committee of the University of Malaya Medical Centre. It was also approved by the Hodeidah University, Yemen, and the governorate health offices in the provinces. All the participants were informed about the objectives and methods of the study as well as about the nature of their participation. Afterwards, written and signed or thumbprinted informed consents were collected from the participants (and parents or guardians of young children) before the commencement of the survey.
Stool examination
Each participant was given a 60-ml labelled, wide-mouth, screw-cap container and was instructed to bring a sufficient size of faecal sample that was not contaminated with urine or water or soil. The samples were placed in zip-locked plastic bags, kept in a suitable cool box (4-6°C) and transported (within 5 h of collection) for examination at the nearest health centre equipped with laboratory standard facilities, according to prior arrangements. The samples were processed immediately by wet mount and formalin-ether sedimentation techniques following Cheesbrough [34] and examined for the presence of cysts and/or trophozoites of Entamoeba spp., and diagnostic stages of other intestinal parasites. Moreover, about 5 g of each sample was placed into a 15-ml screwcap centrifuge tube containing 3 ml of polyvinyl alcohol (PVA) as a preservative; this portion was processed by trichrome staining technique [35] . About 1 g of each stool sample was preserved in 70% ethanol (DNAfriendly) [36] before being refrigerated and shipped to the Department of Parasitology, Faculty of Medicine, University of Malaya, Kuala Lumpur, for genomic DNA extraction and molecular analysis. For quality control, 20% of the trichrome-stained slides and duplicate slides for the wet mount and formalin-ether sedimentation techniques were read by another microscopist. Overall, a sample was considered positive if cysts and/or trophozoites of Entamoeba spp. were detected using any one of the three techniques and/or the nested multiplex PCR assay.
Genomic DNA samples and extraction
Prior to DNA extraction, each ethanol-fixed faecal sample was put in a 2-ml microcentrifuge tube and washed three times in MilliQ H2O buffer. After that, the samples were centrifuged for 5 min at 2000 g to remove the ethanol. Lysis buffer from the QIAamp Fast DNA Stool Mini Extraction Kit (QIAGEN, Hilden, Germany) was added to each faecal sample. Then, DNA was extracted from all faecal samples (n = 605) according to the manufacturer's instructions (for the QIAamp Fast DNA Stool Mini Extraction Kit). The extracted DNA was then stored at À20°C until further use. For positive controls, this study used DNA isolated from axenically grown E. histolytica HM-1:IMSS, which was a gift from Dr. Lim Boon Huat (Universiti Sains Malaysia), and DNA isolated from axenically grown E. dispar SAW760 and E. moshkovskii Laredo, which were gifts from Dr Graham Clark (London School of Hygiene and Tropical Medicine).
Nested multiplex PCR amplification
The analysis was based on the amplification of the small subunit ribosomal RNA (SSU rRNA) gene of Entamoeba spp. using the nested multiplex PCR assay according to an earlier protocol described by Khairnar and Parija [37] . In the primary PCR, we used genus-specific primers for Entamoeba species, including a forward primer E-1 (5 0 -TAAGATGCACGAGAGCGAAA-3 0 ) and a reverse primer E-2 (5 0 -GTACAAAGGGCAGGGACGTA-3 0 ). The secondary PCR was designed for the purpose of distinguishing the three different species of Entamoeba using species-specific primer pairs for each species as follows: a forward EH-1 (5 0 -AAG CAT TGT TTC TAG ATC TGA G-3 0 ) and reverse EH-1 (5 0 -AAG CAT TGT TTC TAG ATC TGA G-3 0 ) primer for E. histolytica; a forward ED-1 (5 0 -TCT AAT TTC GAT TAG AAC TCT-3 0 ) and reverse ED-2 (5 0 -TCC CTA CCTATT AGA CAT AGC-3 0 ) primer for E. dispar; and a forward Mos-1 (5 0 -GAAACCAAGAGTTTCACAAC-3 0 ) and reverse Mos-2 (5 0 -CAATATAAGGCTTGGATGAT-3 0 ) primer for E. moshkovskii. Positive and negative control reactions were included with each batch of samples analysed. The species-specific product size for E. histolytica, E. moshkovskii and E. dispar was 439, 553 and 174-bp, respectively; thus, the size was clearly different for all three Entamoeba species.
Sequencing of PCR product
To confirm the species descriptions obtained by PCR, eight samples were randomly submitted to DNA sequencing of the partial region of the SSU rRNA gene. Sequence Scanner v1.0 (http://www.appliedbiosys-tems.com) was used to view the sequence chromatograms. Forward and reverse sequences were edited and manually aligned, and then, a consensus sequence was created for each sample using BioEdit software [38] . These consensus sequences were compared with the reference sequences held by the National Centre for Biotechnology Information (NCBI) using the Sequence Basic Local Alignment Search Tool (BLAST). The reference sequences used in the analyses were GenBank accession number X56991 for E. histolytica, GenBank accession number Z49256 for E. dispar and GenBank accession number AF149906 for E. moshkovskii.
Data management and statistical
Data were entered, cleaned and reviewed by two research assistants. Then, a third researcher cross-checked the two data sets for accuracy and created a single data set for data analysis. Data analysis was carried out using IBM SPSS Statistics, version 18 (IBM Corporation, NY, USA). Pearson's chi-square test was used to assess the association of Entamoeba spp. infection as the main outcome with some socio-demographic, behavioural and environmental factors as the explanatory variables. Except for age, all the variables included in the present study were coded as binary dummy variables (i.e. 0 and 1). For instance, Entamoeba infection (positive = 1, negative = 0); gender (male = 1, female = 0); presence of toilet in the house (no = 1, yes = 0); and washing hands before eating (no = 1, yes = 0). Similarly, family size (number of people living in the same house) was categorised into two groups (<8 and ≥8 members) in line with a previous study conducted among rural populations in the studied governorates [39] . Multiple logistic regression analysis was used to identify the risk factors significantly associated with the infection. Odd ratios (OR) and their corresponding 95% confidence intervals (CI) were calculated using univariate and multivariable logistic regression analyses. The population-attributable risk fraction (PARF) was calculated for risk factors significantly associated with Entamoeba complex infection [40] . The level of statistical significance was set as P < 0.05.
Results
General characteristics of the participants
A total of 605 individuals (64% male, 36% female) aged between 1 and 80 years with median age of 11 years (interquartile range (IQR) = 8, 18) participated in the study. Poverty dominates in these rural communities: more than half of the participants (68.4%) were on a low monthly household income (<20 000 Yemeni Rials (YER) equivalent to US$93), and most were unemployed. Only 22.3% of participants had at least primary education, and about half of the families (52.4%) had more than seven members. Most houses were built of stone and mud (traditional houses) and some of bricks and concrete; only 26.0% had a piped water supply, 49.8% had toilets; and 24.1% had electricity (at night). The general characteristics of the participants are shown in Table 1 .
Prevalence and distribution of E. histolytica, E. dispar and E. moshkovskii infections Based on microscopy, the overall prevalence of Entamoeba complex infection was 53.6% (324/605). Nested multiplex PCR products were detected in 45.6% (276/ 605) stool samples. E. histolytica was detected in 20.2% (122/605) of the samples while E. dispar and E. moshkovskii isolates were recovered in 15.7% (95/ 605) and 18.2% (110/605) of samples. Among the 276 Entamoeba-PCR-positive isolates, the prevalence of E. histolytica, E. dispar and E. moshkovskii was 44.2%, 34.4% and 39.9%, respectively. Moreover, single isolations of E. histolytica, E. dispar and E. moshkovskii were reported in 84, 68 and 83 samples, respectively, while 14 samples were positive for E. histolytica and E. dispar, 13 samples were positive for E. histolytica and E. moshkovskii, and ten samples were positive for the triad Entamoeba species (Table 2) . Overall, 55 microscopy-positive samples were negative by PCR. These samples were re-tested by PCR and still negative.
An age-dependency distribution was observed with the prevalence of the three Entamoeba species infections increasing until the 21-30 years of age group and then reducing among older participants. This distribution was All values are number (%). YER, Yemen Rial; (US$1 = YER216). statistically significant with E. dispar (v 2 = 9.819, P = 0.020) and E. moshkovskii (v 2 = 9.223, P = 0.026) infections but not with E. histolytica (v 2 = 7.236, P = 0.065). Male participants had a significantly higher prevalence rate for the three species than females with an obvious difference in the prevalence of E. moshkovskii (22.7% vs. 10.1%, v 2 = 14.994, P < 0.001). The distribution of E. histolytica, E. dispar and E. moshkovskii infections according to age and gender is presented in Figure 2 .
Factors associated with E. histolytica, E. dispar and E. moshkovskii infections Table 3 shows the association of E. histolytica, E. dispar and E. moshkovskii infections with some demographic, socio-economic and environmental factors. With regard to E. histolytica infection, the prevalence was significantly higher among participants who lived in coastal/ foothill areas (i.e. Taiz and Hodeidah provinces) than in those from the highlands (i.e. Sana'a and Dhamar) (24.5% vs. 15.7%; P = 0.007). Similarly, higher prevalence rates of E. histolytica were found among participants who had a family member infected with E. histolytica (P < 0.003) and those who had a low educational level (P = 0.045) than among their counterparts.
Moreover, the prevalence of E. dispar infection was significantly associated with five factors. The prevalence was significantly higher among those aged between 18 and 40 years than in other age groups (P = 0.003). Those who used an unsafe source for drinking water such as a well, dams, rainwater or streams had significantly higher E. dispar infection prevalence than those who used safe drinking water (19.0% vs. 6.4%; P < 0.001). Similar significant associations were found with the absence of a toilet in houses (P = 0.006), indiscriminate defecation near water sources (P = 0.004) and not washing vegetables before consumption (P < 0.001).
With regard to E. moshkovskii infection, its prevalence was significantly higher among those aged between 18 and 40 years than in other age groups (P < 0.001). Participants who live in coastal/foothill areas showed significantly higher prevalence than people from the highlands (27.8% vs. 8.4%; P < 0.001). E. moshkovskii infection was strongly associated with the presence of family members infected with E. moshkovskii (P < 0.001).
Risk factors of E. histolytica, E. dispar and E. moshkovskii infections Table 4 shows that different sets of species-specific determinants were retained as significant risk factors for the related species by the multiple logistic regression model analysis. Overall, three factors were found to increase the participant's odds of having E. histolytica infection by about 1.7 times: living in coastal or foothill areas, illiteracy and the presence of family members infected with Entamoeba. Using unsafe drinking water and not washing vegetables before consumption increased the participant's odds of having E. dispar infection by 2.89 and 
Discussion
The present study differentiated, for the first time, E. histolytica from E. dispar and E. moshkovskii in Yemen using the nested multiplex PCR assay. We found that 122 (44.2%) and 95 (34.4%) of the 276 PCR-positive products were E. histolytica and E. dispar, which accounted for 20.2% and 15.7% of the total number of samples, respectively. E. moshkovskii was detected in 110 (39.9%) isolates, which represented 18.2% of the study participants (110/605). In Australia, E. histolytica, E. dispar and E. moshkovskii were identified in 5.6%, 70.8% and 61.8% of 89 PCR-positive samples, respectively [41] . While in Colombia, E. moshkovskii and E. dispar were reported in 25.4% and 23.2% of 181 asymptomatic children under 16 years old, with E. histolytica reported in one sample only (0.55%) [16] . However, a much lower prevalence for all three species was reported in a study in the United Arab Emirates, where E. histolytica, E. dispar and E. moshkovskii were detected in 13.3%, 6.7% and 3.3% of 120 faecal samples, respectively [42] . Similarly, a previous study of 500 participants in Peninsular Malaysia revealed that E. dispar was the most prevalent species (13.4%), followed by E. histolytica (3.2%) and E. moshkovskii (1.0%) [43] . However, when seeking to draw conclusions from crosscountry comparisons, the differences in the socio-economic status, environmental conditions and other risk factors should be borne in mind as well as whether travellers and expatriates and institutionalised members of the population were included in the samples of the studies undertaken in these countries.
As regards risk factors, the present study showed that E. dispar and E. moshkovskii infections were significantly associated with age, with the prevalence increasing to reach its highest rate among participants aged 21-30 years then decreasing to its lowest among those aged more than 40 years. The prevalence of E. moshkovskii was significantly higher among male participants, whereas neither E. histolytica nor E. dispar showed similar findings in terms of gender. This difference could be explained by a higher exposure of adult males to the sources of infections as a result of their daily activities such as more frequent consumption of contaminated outdoor food, contaminated water sources and contact with infected individuals. Moreover, due to religious and cultural practices in rural Yemen, females tend to spend most of their time at home in family-oriented domestic activities and they are not always allowed to work or to participate in outdoor activities. Our findings are in agreement with Calegar et al. [44] , who found that the prevalence of E. dispar infection among a population subjected to water scarcity in the north-east region of Brazil increases with age. By contrast, a previous study among Malaysian rural communities reported a significantly higher prevalence of E. dispar infection among participants younger than 15 years [43] . Previous studies in Colombia and Malaysia found no significant association between gender and the three species [16, 43] . However, the possibly different epidemiological characteristics of the studied Yemeni communities should be considered when comparing our findings with those of studies in other countries.
We also investigated the risk factors of Entamoeba infections. While only two variables (the location and the presence of other infected family members) were retained as shared risk factors for E. histolytica and E. moshkovskii, different sets of risk factors were identified for each species; educational level with E. histolytica, age and gender with E. moshkovskii, and using unsafe sources for drinking water and consuming raw vegetables without proper washing with E. dispar. Interestingly, our study showed significantly higher prevalence of E. histolytica and E. moshkovskii infections in the coastal/foothill areas than the highlands of Yemen. A previous study on Sana'a City [29] and other reports elsewhere found that using unsafe drinking water was a risk factor of Entamoeba complex and other intestinal parasitic infections [45, 46] . In fact, there is an obvious difference in the sources of drinking water. Villages in the highlands of Yemen still rely on rainwater (dams, tanks and troughs) and groundwater (drilled artesian pump-based wells) while those in coastal/foothill areas are dependent on streams and traditional dug wells for their main source of drinking water. During the rainy season, the floods flow through the valleys spreading human and animal excreta into fields, dams, pools, wells and other water sources. People collect water from wells, pools and dams, and store that contaminated water in tanks and troughs, and the water is also handled by bare hands. Hence, contamination of drinking water with Entamoeba cysts during the collection, transport and storage of water is also possible [47] . A recent study among 200 children in Al-Mahweet Province found a significantly higher prevalence of intestinal parasitic infections particularly Entamoeba spp. among children who use stream water (60%) as a source of drinking water compared to those who use water from dams (8.5%), ponds (5%) and wells (16.5%) [48] .
Indeed, within the family, our findings showed that the presence of other infected family members significantly increased the odds of an individual being infected with E. histolytica and E. moshkovskii. A previous study from Malaysia found a similar finding with E. dispar [43] . The infection could easily be passed on through contaminated food and drinks prepared by infected family members who have inadequate personal hygiene. The trophozoite of Entamoeba spp. survives for a short time but the cyst lives longer and withstands unfavourable conditions; it can be found on the hands and clothes of children as well as in containers used for washing clothes and in shower trays, which implies that contact with an infected person's belongings and water they have used also transmits the infection [49] .
Moreover, our findings showed that the prevalence rate of E. histolytica infection was significantly associated with a low educational level, which confirms previous reports on Entamoeba complex elsewhere [50] [51] [52] [53] . Probably, non-educated participants would have less health-related knowledge and awareness about intestinal parasitic infections compared to educated individuals. Therefore, these individuals may also contribute to disseminating infection among other family members especially if they are responsible for food preparation.
We found a strong association between E. dispar infection and not washing vegetables before consumption, which corroborates the results of a previous study on Malaysia [43] . The vegetables could be contaminated by either an infected person or contaminated soil, by human or animal excreta. A similar finding has been reported in previous studies on enteric parasites from different countries including Malaysia, Brazil and West African countries [46, [54] [55] [56] .
Lastly, some limitations should be borne in mind when interpreting our findings. Although some determinants were identified as significant risk factors of Entamoeba spp. infections, such as using unsafe sources for drinking water, it was not possible to confirm the causality between the variables using the methods employed in our cross-sectional study. Hence, further studies need to be conducted to investigate the presence of Entamoeba spp. parasites in drinking water in the areas covered by this study. Similarly, some risk factors were significantly associated with one or two Entamoeba species but not with others, even though all three species are transmitted in the same way. These differences could be explained by our findings that the prevalence of these Entamoeba species and their major risk factors in Yemen was high and their distribution varied considerably with geographic area. Another explanation could be the intensity of infection with each species. We may assume that in a positive sample, most of the detected cysts belong to one or two species while very few belong to other species. However, unknown parasiterelated factors including potential parasite-environment interactions cannot be ruled out. Moreover, this study had to rely on a single faecal sample from each participant, and hence, the prevalence of Entamoeba spp. is likely to have been underestimated due to the temporal variation in cyst shedding over hours and days. However, examining faecal samples by different techniques including the gold standard (trichrome staining) and concentration (formalin-ether sedimentation) methods as well as the molecular PCR assay could help to overcome this limitation. In the present study, 55 microscopy-positive samples were found to be negative by PCR. This could be attributed to the fact that the majority of those samples were of a low intensity that fell below the PCR detection limit (only 1-2 cysts were detected by either trichrome staining or formalin-ether sedimentation) as well as the presence of faecal inhibitor substances that were not completely eliminated prior to PCR. Therefore, the use of more sensitive methods such as real-time PCR should be considered in future studies. A previous study showed that real-time PCR assay exhibits superior sensitivity in detecting Entamoeba parasites in faecal samples when compared with microscopy, stool antigen detection and conventional PCR [57] .
In conclusion, the present study revealed that Entamoeba complex infection is highly prevalent (53.6%) among rural communities in Yemen with 20.2%, 15.7% and 18.2% of the participants were infected with E. histolytica, E. dispar and E. moshkovskii, respectively. Living in coastal/foothill areas, presence of infected family members, low educational level, age group of 18-40 years, unsafe drinking water, and not washing vegetables before consumption as the key risk factors of E. histolytica, E. dispar and E. moshkovskii infections in these communities. Hence, these factors should be considered by any prevention and control programme against intestinal parasitic infections. Throughout Yemen, rural communities share the same environmental, socio-economic status and healthcare conditions. Therefore, the findings of the present study could be generalised to rural populations in other governorates in Yemen. However, further studies among other rural and urban populations are required to confirm these conjectures.
